The presence of nitroglycerine (NG) in double base propellants and its subsequent migration from the propellant towards the inhibitor has always been an important issue. This problem may be considerably reduced by exploiting the concept of the introduction of electron donor sites to the propellant formulation. Plasticizers based on ε-caprolactone (ε-CL) were synthesized and characterized, and their activities for absorbing nitroglycerine were investigated. According to the results, the order of NG absorption is: PCL-(OH)2 < PCL-(OH)3< PCL-(OH)4< H-PCL. The observed differences in the properties of the plasticizers is discussed in terms of structural considerations. The data also showed that the hyperbranched poly(ε-caprolactone) (H-PCL) has the greatest effect in decreasing NG migration. Furthermore, the activity of these plasticizers in decreasing NG migration was also investigated by IR analysis.
Introduction 2 Materials and Methods
All reagents and solvents used in this study are commercially available and were purchased from commercial suppliers (Acros, Merck and Aldrich), with the exceptions of NC and NG samples, which were kindly provided by defence industries (Ministry of National Defence, Iran), and had high purity. The FT-IR absorption spectra were run on a spectrophotometer (Nicolet 800) as KBr pellets. Vibrational transition frequencies were reported in wave number (cm −1 ). Poly(ε-caprolactone) diol (PCL-(OH) 2 ) was an industrial sample with M n = 2000 g·mol −1 . The double-base (DB) propellants were prepared by the casting technique.
Experimental

Synthesis of plasticizers
The synthesis of the plasticizers were carried out by a one-step polyesterification process. A typical procedure for the polymerization was as follows: a 50 mL round-bottomed flask, equipped with a magnetic stir bar, was charged with ε-caprolactone (ε-CL) (5 g, 4.8 mL, 44 mmol), glycerol (0.34 g, 0.27 mL, 3.7 mmol) and dibutyltin dilaurate (0.031 g, 0.05 mmol). The reaction mixture was stirred under a nitrogen atmosphere at 120 °C for 24 h. After cooling the reaction mixture, it was diluted with CH 2 Cl 2 (10 mL) and then cold n-hexane (15 mL) was added to precipitate a white solid. By decanting the solvent, the precipitate was isolated, washed with additional cold n-hexane and air-dried. This polyester was designated as PCL-(OH) 3 . The monomer conversion was determined directly from IR measurements of the polymerization mixtures. FT-IR (KBr, cm 
Esterification of isopropylidene-2,2-bis(methoxy)propionic acid and pentaerythritol (2) [16] . Isopropylidene-2,2-bis(methoxy)propionic acid (1.8 g, 10.3 mmol) and pentaerythritol (0.33 g, 2.4 mmol) with 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) (0.57 g, 1.95 mmol) were mixed in dichloromethane (10 mL) under an argon atmosphere. Dicyclohexylcarbodiimide (DCC) (2.5 g, 12.1 mmol) was then added and the reaction mixture was stirred at room temperature for 15 h. The substituted urea and unused catalyst were removed by filtration and washed with a small volume of dichloromethane. The solvent was evaporated to give the product (3.8 g, 48% yield) as a white solid; mp: 129-133 °C. FT-IR (KBr, cm Removal of the acetonide protective group from ester (3) [15, 16] . The synthesized ester (3) (3.8 g, 5 mmol) was dissolved in dry methanol (45 mL). Amberlite resin (1 g) was then added and the reaction mixture was stirred for 3 h at room temperature. After completion of the reaction, the resin was separated from the reaction mixture and washed with methanol. The solvent was evaporated to give 4 (3.2 g, 73% yield) as white crystals; mp: 134-141 °C. FT-IR (KBr, cm The hyperbranched poly(ε-caprolactone) (H-PCL) was synthesized using the same procedure. FT-IR (KBr, cm The details of the formulations of these plasticizers are shown in Table 1 . These polyesters were characterized by IR and 1 H NMR spectroscopy. 
Investigation of nitroglycerine migration in double base propellants
Different methods have been reported to study the migration rate of a plasticizer in a polymer matrix. In this investigation, with due attention to the available facilities, the Sandwich Test method was used for studying nitroglycerine migration in double base solid propellants [17] [18] [19] .
Preparation of sample for the Sandwich Test
To prepare the test samples, ethyl cellulose (1 g) was dissolved in dichloromethane (25 mL) and stirred for 2 h at room temperature. 5 wt.% of the synthesized plasticizer was then added to the viscous solution and stirred at room temperature for 2 h. The viscous solution was poured into the moulds prepared to achieve the desired thickness. After evaporating the dichloromethane, the samples were cut to form the desired discs, 10 ±1 mm diameter and 0.2 mm thickness. The discs' surface must be free of any pollution and the samples thickness should be even.
Test method
After achieving the test fulfillment conditions, the test samples were weighed as discs with 0.001 g accuracy, and average thickness of 0.02 mm. The test samples were placed between two fuel layers so that they had coincident axes and constituted a sandwich. They were then placed between two glass sheets. A weight was placed on the fuel layers and the panels or discs which were to be tested. A weight of ~500 g was applied equally to each sample at 25 °C. Every 2 h, the discs of ethyl cellulose and plasticizer were removed from the fuel layers and their weights were measured as precisely as possible. The difference between the recorded weights before and after each measurement was recorded as a function of NG migration. This procedure was repeated every 2 h for 10 h (Table 2) .
Preparation of the test samples for studying the migration rate by the FT-IR spectrum
To prepare the test samples, the synthesized polymer of poly(ε-caprolactone) (0.1 g) was dissolved in dichloromethane (10 mL) in a 25 mL flask equipped with a magnetic stirrer and n-BuNENA plasticizer (0.4 g) [synthesized according Ref. 20] was added. The reaction mixture was stirred at room temperature for 1 h and the solvent was then removed. The migration rate was studied using the FT-IR spectrum.
Results and Discussion
In order to investigate the NG migration, one should consider many different factors. The most important one in this regard is the homogeneity between the additive and the propellant matrix. On the other hand, the additive should not change the plasticizer's specific properties significantly. Of the additives usually used in propellants, ester and polyester plasticizers, such as poly(ε-caprolactone), should be useful for preventing NG migration. Considering the migration mechanism, NG migration in an NC matrix can be attributed to two factors: (1) the electrostatic repulsion of the nitrato electron accepting groups (−NO 3 ) in NC and NG which leads to NG being expelled from the matrix towards the inhibitor, (2) the electrostatic attraction between the electron donating groups of the ester present in the inhibitor and the electron accepting nitrato groups present in NG, which cause the absorption of NG in the inhibitor. Based on the mechanism mentioned, it is clear that nitrato groups have a significant attraction to ester groups and can interact with them electrostatically [6] . The high NG absorption by a plasticizer may be explained on the basis of the structures of the plasticizer and nitroglycerine. The synthesis of a hyper branched initiator and plasticizers based on ε-caprolactone is shown in Schemes 1 and 2, respectively. 
Catalyst
Scheme 2. Synthesis of plasticizers based on ε-caprolactone
It is clear from the above structures that a polyester has several electron donor sites and NG has a number of electron acceptor sites. Thus, by addition of the plasticizer to the propellant formulation, an electrostatic force of attraction can act between them and reduce the migration/absorption of nitroglycerine from the propellant to the inhibitor. Thus, it may be supposed that the addition of the ester additive to the matrix is a suitable strategy for reducing NG migration. In fact, the ester groups can absorb nitrato groups existing in the NC matrix on the one hand, and can also absorb NG plasticizer on the other. As a result, they will significantly reduce migration.
Nitroglycerine absorption
Nitroglycerine migration with samples containing 5 wt.% of the different synthesized plasticizers was studied (Table 2 ). It was observed that the sample containing the poly(ε-caprolactone) dendrimer plasticizer, had the highest ester attraction between plasticizer and nitroglycerine, and can act as the best one for reducing NG migration in propellants, in comparison with the other plasticizers. The nitroglycerine absorption data are shown in Table 2 . The NG absorption of ethyl cellulose (EC) was 0.8 wt.% after 2 h and 6 wt.% after 10 h. NG absorption in poly(ε-caprolactone) diol (PCL-(OH) 2 ) was 8.2% after 10 h. This study indicated that NG absorption is further increased in the case of the hyperbranched poly(ε-caprolactone) (H-PCL). As we expected, the amount of NG absorption increased on going from PCL-(OH) 2 to H-PCL. On the other hand, NG migration can be decreased from propellants towards inhibitors. Therefore, according to Table 2 , it was shown that dendrimer poly(ε-caprolactone) has the highest absorption level in comparison with the other plasticizers. The change in nitroglycerine absorption with time for PCL-(OH) 2 , PCL-(OH) 3 , PCL-(OH) 4 and H-PCL is displayed graphically in Figure 1 . It is evident that the order of NG absorption can be represented as follows:
PCL-(OH) 2 < PCL-(OH) 3 < PCL-(OH) 4 < H-PCL NG absorption depends on the number of polyester chains. Therefore, as the number of polyester chains increases, it is expected that NG absorption from PCL-(OH) 2 to H-PCL will also increase.
Figure 1. Effect of time on nitroglycerine absorption by the plasticizers
The results of observations of the interaction between the synthesized plasticizers of poly(ε-caprolactone) and n-BuNENA were also studied by means of FTIR spectroscopy. Because of the identical performance and lower sensitivity of n-BuNENA, it was used for investigating NG migration. Figure 3 shows the spectra of PCL-(OH) 2 , n-BuNENA and a mixture of PCL-(OH) 2 and n-BuNENA. It is evident that spectral changes have occurred in the spectrum of PCL-(OH) 2 and n-BuNENA. The frequencies of C−H stretching vibrations in PCL-(OH) 2 (2945 cm −1 and 2854 cm 
Conclusions
In this study, four green plasticizers based on poly(ε-caprolactone) were synthesized with a diol, a triol, a tetraol and a first generation dendrimer of the initiator. The Sandwich Test was used to investigate the migration of the
